igital dermatitis (DD) is an infectious lameness commonly found in dairy cattle worldwide, and it is known as bovine digital dermatitis (BDD) or papillomatous digital dermatitis (PDD). The disease was first reported in 1980 in the United States (1) and in the late 1980s in the United Kingdom (2). BDD has also been confirmed in beef cattle (3, 4), and over the last 30 years, the disease has been recognized as an important cause of bovine lameness (5).
D
igital dermatitis (DD) is an infectious lameness commonly found in dairy cattle worldwide, and it is known as bovine digital dermatitis (BDD) or papillomatous digital dermatitis (PDD). The disease was first reported in 1980 in the United States (1) and in the late 1980s in the United Kingdom (2) . BDD has also been confirmed in beef cattle (3, 4) , and over the last 30 years, the disease has been recognized as an important cause of bovine lameness (5) .
Lameness in cattle and sheep has serious animal welfare and economic implications (6) (7) (8) (9) . The effects of lameness in cattle include a decrease in milk yield (9, 10) and fertility (8, (11) (12) (13) and an increase in rate of culling (12, 14) . This has been found to be particularly true for cattle suffering from BDD (8, 15, 16 ) with a recent study of the cost of lameness in the United States estimating that on average, BDD costs $133 per case (17) .
BDD is now a worldwide problem, and controlling BDD on dairy operations has proven difficult. Moreover, in the last 20 years, sheep in the United Kingdom have been identified with a form of DD termed contagious ovine digital dermatitis (CODD), which is rapidly emerging as a severe infectious foot disease since it was first reported in the United Kingdom in 1997 (18) (19) (20) . Now, CODD has spread into the Republic of Ireland (20) , and it was recently reported in dairy goats in the United Kingdom (21) , indicating further cross-species transmission. The contagious nature of DD is also evident by the reports of a manifestation of the disease in a wildlife host, North American elk (Cervus elaphus) from Washington State (22) . The reports of DD in previously unaffected species, including U.S. wildlife, suggests a much greater global threat of the disease than previously considered.
BDD in cattle manifests in several forms, but most frequently as an ulcerative lesion of the digital skin located immediately above the coronary band between the heel bulbs which results in severe lameness (23) . The clinical features of CODD in sheep are slightly different, mainly because the initial lesion site on the sheep foot is different. CODD lesions commence at the coronary band and then run under the hoof horn capsule dorsally and abaxially (24) . CODD frequently presents a particularly severe outcome where the whole horn capsule can be lost (18, (25) (26) (27) . As a result of the severity of the lesions, sheep can be extremely lame, impacting the welfare of the affected sheep (28) . This is concurrent with the lesion pathology identified in elk, described as erosive lesions on the coronary band which lead to underrunning of the hoof wall (22, 29) .
The primary causative agents of BDD are considered to be spirochetal bacteria with a polytreponemal etiology suggested (30) (31) (32) . Cloning bacterial 16S rRNA genes indicated five phylotypes of treponemes in BDD lesions from Germany (33) . Three of these Treponema phylogroups have been isolated consistently from dairy cattle lesions in the United Kingdom and United States (34, 35) . The phylogroups are described as "Treponema medium/Treponema vincentii-like," "Treponema phagedenis-like" and "Treponema denticola/T. putidum-like" BDD spirochetes (34) with the latter now recognized as a new species, Treponema pedis (36) . These three phylogroups of Treponema have also been reported in DD lesions in beef cattle (4) and also in DD lesions in goats (21) and elk (22) . Due to the promiscuous nature of these treponemes and their growing host range, it is necessary to gain more information on their etiological role in currently infected species.
Previous studies have investigated the association of Treponema bacteria with CODD lesions (20, 37) and hypothesized that CODD was derived from BDD lesions in dairy cows (38) . To date, little substantiating molecular evidence has been produced, and the possible involvement of other organisms such as Dichelobacter nodosus and Fusobacterium necrophorum has been proposed (37) . In a previous study, D. nodosus, F. necrophorum, and also treponemal bacteria were detected in a considerable proportion of CODD lesions (74%, 86%, and 70%, respectively) (37), but these bacteria were also detected in a substantial proportion of healthy foot tissue (31%, 46%, and 38%, respectively). However, this study did not discriminate between Treponema species as their respective PCR assay detects both pathogenic and commensal treponemes, the latter of which are found in the ruminant gastrointestinal (GI) tract and feces (39) . Additionally, healthy bovine foot tissue samples often amplify treponemal DNA using the genus-specific PCR assay but fail to produce products using DD treponeme phylogroup PCR assays (32, 39) . Indeed, in a large survey of the dairy farm environment (39) , nearly all samples were positive using the general Treponema PCR, suggesting it has little diagnostic value for clarifying relevant associations with clinical disease. There is a clear association with certain phylogroups of treponemes for BDD, and these treponemes are present only in BDD lesions and are completely absent from healthy bovine tissues and most environmental and fecal samples (32, 39) . Therefore, the previous CODD study (37) provides no specific data on the presence/association of BDD-associated Treponema species with CODD lesions. Similarly, the remaining bacteriological data on CODD lesions comprised of a study based entirely on culturedependent methods, using only 10 samples; only 7 treponemal cultures were produced from the 10 samples, and only 2 pure treponeme isolates were obtained (20) .
Thus, while the role of treponemes as primary causative agents in BDD appears convincing, a comprehensive bacterial molecular survey of CODD lesions is justified to determine whether there is a shared spirochetal etiopathogenesis between BDD and CODD. The aim of this study was to further our understanding of CODD etiology by surveying a large number of lesions and healthy foot tissues for the presence of the three BDD treponeme phylogroups, as well as D. nodosus and F. necrophorum. Furthermore, given the small number of isolations thus far, in the present study, we attempted to determine the range of spirochetes present in CODD lesions from a number of farms across the United Kingdom and successfully isolate and characterize a large number of spirochete strains for comparison with other relevant treponemes.
MATERIALS AND METHODS
Sample collection. Surgical biopsy samples were collected from 44 CODD lesions from six different farms between March 2013 and July 2014. These farms were in the following United Kingdom areas: Anglesey, Cheshire, Denbighshire, Shropshire, and Conwy. Genomic DNA from a further 14 CODD lesion biopsy samples collected during 2009 to 2010 from two farms in Cheshire and Gloucestershire in the United Kingdom were also included in this investigation. All farms had between 300 and 1,000 breeding ewes and were lowland farms except for a Conwy farm located on hill land. The sheep breeds on farms included Welsh Mountain, Scottish Blackface, Suffolk/Suffolk crosses, Lleyn/Lleyn crosses, Charolais crosses, and Easy Care. In addition to the lesional material, 54 healthy foot skin biopsy samples were collected. Of these samples, 16 were obtained from a farm in Meirionydd, United Kingdom, from each foot of four Balwen sheep, and 8 were obtained from non-CODD feet of three cross bred sheep with CODD lesions on their other feet sampled in this study (from a farm located in Cheshire, United Kingdom) (all euthanized for other reasons). The remaining 32 healthy foot tissue samples were obtained from sheep sent to slaughter that did not have any evidence of CODD or any other foot lesions. These unidentified sheep were sampled at an abattoir that received sheep from farms in Lancashire, Cheshire, and South Cumbria in the United Kingdom.
On all farms from which CODD biopsy samples were obtained from live sheep, the sheep were forced to run, and lame animals were inspected for CODD lesions. A sheep was defined as having CODD if one or more feet had a clear lesion consistent with the clinical signs of CODD (40) . These clinical signs can be varied, but they include an ulcerative or granulomatous lesion at the coronary band which may extend dorsally and abaxially under the hoof wall and in severe cases lead to avulsion of the hoof capsule. The affected digit may be swollen and shortened. Sheep identified with classic CODD lesions were examined, and the lesions were biopsied using a 3-mm biopsy punch and local anesthesia (34, 41) . All CODD lesions biopsied were active lesions shown by tissue appearing hemorrhagic, granulomatous, and/or necrotic. Tissue biopsy samples were divided in two with half transferred into transport medium and placed on ice for subsequent Treponema culture. The transport medium consisted of oral treponeme enrichment broth (OTEB) (Anaerobe Systems, Morgan Hill, CA, USA) and contained the antibiotics rifampin (5 g/ml) and enrofloxacin (5 g/ml). The remaining tissues from lesions (for PCR analysis) were transported on ice and stored at Ϫ20°C. All samples from CODD lesions, including those from 2009 to 2010 and those collected in 2013, were used for DNA extraction and Treponema culture, whereas healthy foot tissue samples were used only for DNA extraction and subsequent PCR analysis.
Culture of spirochetes. Bacterial isolation, specifically for treponemes, was attempted on all CODD lesion samples (n ϭ 58). A piece of tissue (1 to 1.5 mm) was transferred from the transport medium into an anaerobic cabinet (85% N 2 , 10% H 2, and 5% CO 2 ; 36°C) and inoculated into OTEB with 10% fetal calf serum (FCS) and antibiotics rifampin (5 g/ml) and enrofloxacin (5 g/ml). After 2 to 5 days, bacteria were subcultured on fastidious anaerobe agar (FAA) plates (LabM, Bury, United Kingdom) with 5% defibrinated sheep blood, 10% FCS, and antibiotics as described above. After 1 to 2 weeks, single colonies were inoculated into growth medium and the culture was checked by phase-contrast microscopy. DNA was extracted from treponeme cultures, and the isolated organisms were identified using a 16S rRNA gene PCR as previously described (34) . Bacterial culture for treponemes was not attempted for sheep healthy foot tissue.
DNA extraction. For PCR analysis, tissues from the lesions and healthy tissues were thawed and DNA was extracted using a DNeasy kit (Qiagen, United Kingdom) according to the manufacturer's instructions, and genomic DNA was stored at Ϫ20°C.
Genus-and phylogroup-specific treponeme PCR assays.
Samples were subjected to nested PCR assays specific for the three DD-associated treponeme groups, "T. medium/T. vincentii-like," "T. phagedenis-like," and T. pedis ("T. denticola/T. putidum-like"), as described previously (32, 34) , with the resulting PCR products encompassing 300 to 500 bp of the 16S rRNA gene. All foot samples were also subjected to the Treponema genus PCR assay which detects all Treponema species, both pathogenic and commensal (37) . To ensure validity in each assay, water was used as a negative control, and positive controls included genomic DNA from each of the three treponeme phylogroups. Primer sequences are shown in Table 1 .
Dichelobacter nodosus-specific PCR assay. All lesion and healthy tissue biopsy samples were subjected to a species-specific D. nodosus PCR assay developed in this study. Initial attempts to use a previously developed PCR (44) failed to produce control PCR products, and by using recent primer design programs, these primers were identified as having poorly matching characteristics. Instead, species-specific D. nodosus primers (Table 1) were designed based on available 16S rRNA gene GenBank sequences. Representatives of D. nodosus, along with their nearest relatives (as identified using the Basic Local Alignment Search Tool [BLAST] [45] ) were aligned to identify unique primer regions using ClustalW (46) in Molecular Evolutionary Genetics Analysis 2 (MEGA2) (47) . The PCR assay primers were designed to amplify a 586-bp region of the D. nodosus 16S rRNA gene with primer pairs matched for annealing temperatures and guanine-cytosine content using the oligonucleotide properties calculator OligoCalc (48) .
PCR mixtures used Taq polymerase (Qiagen, Crawley, United Kingdom) according to the manufacturer's instructions, with 1 l of the DNA template and 1.5 mM MgCl 2 (Qiagen, Crawley, United Kingdom), per 25-l reaction mixture volume. To ensure validity, water and genomic DNA from the two closest relatives to D. nodosus (based on 16S rRNA gene sequence similarity) were used as negative controls. The two closest relatives were Suttonella indologenes (DSM8309) (GenBank accession no. AJ247267) and Cardiobacterium hominis (DSM8339) (GenBank accession no. AY360343). The genomic DNA of D. nodosus (DSM23057) was used as a positive control. The genomic DNA of Suttonella indologenes, Cardiobacterium hominis, and D. nodosus were purchased from DSMZ, Germany.
PCR conditions were as follows: (i) incubation at 95°C for 3 min; (ii) 35 cycles, with 1 cycle consisting of 94°C for 1 min, 59°C for 1 min, and 72°C for 2 min; (iii) a final extension step at 72°C for 10 min. These PCR conditions were previously optimized using a Mastercycler gradient thermocycler (Eppendorf, Germany). To further ensure validity of the PCR assay, a subset of PCR products were sequenced to ensure that positive PCR bands were produced by the presence of D. nodosus.
Fusobacterium necrophorum-specific PCR assay. All lesion and healthy tissue biopsy samples were subjected to a species-specific F. necrophorum PCR assay as described originally (49) . The primers used in this assay (Table 1) target the lktA gene which appears to be unique to F. necrophorum as it is not present in other Fusobacterium species (50) .
To ensure validity, water and genomic DNA of Fusobacterium varium, a closely related species of Fusobacterium isolated by our laboratory and subsequently gene sequenced, were used as negative controls. The genomic DNA of F. necrophorum subsp. necrophorum (DSM21784) (DSMZ, Germany) was used as a positive control.
The PCR thermal profile consisted of an initial denaturation step at 94°C for 5 min, followed by 35 cycles, with 1 cycle consisting of 94°C for 30 s, 59°C for 30 s, and 72°C for 30 s. A final extension of 5 min at 72°C was performed.
To ensure validity of the PCR assay, a subset of PCR products were sequenced to ensure that positive PCR bands were produced by the presence of F. necrophorum.
Phylogenetic analysis of spirochete isolates. To understand the relationship of the isolated spirochetes with other treponemes, a phylogenetic tree was produced from the aligned and trimmed nearly full-length 16S rRNA gene sequences of the isolates produced in this study together with relevant microorganisms available in GenBank and identified using BLAST (45) . Sequences were assembled into a double-stranded consensus sequence using Chromas Pro 1.41 (Technelysium Pty Ltd.). Consensus sequences were aligned by ClustalW (46) in MEGA5.2 (51) . For tree analysis, the most appropriate evolution model was predicted using "model test" as implemented in the Topali program (52) . The final model for nucleotide substitutions chosen was the TrN model (53) , used to infer a bootstrapped maximum likelihood tree (bootstrapping was performed 10,000 times). Nucleotide sequence accession numbers. The GenBank accession numbers for the 16S rRNA gene sequences of spirochetes isolated in this study are KP063152 to KP063183.
RESULTS
Genus-and phylogroup-specific treponeme PCR survey of CODD lesions and healthy foot tissues. The results of the specific DD Treponema phylogroup PCR and Treponema genus-specific PCR assays of CODD lesions and healthy foot tissues are shown in Tables 2 and 3 , respectively.
All CODD lesions (n ϭ 58) were found to be positive for general Treponema DNA. The phylogroup-specific PCR for "T. medium/T. vincentii-like," "T. phagedenis-like," and T. pedis DD spirochetes showed that they were present in 39/58 (67%), 49/58 (85%), and 41/58 (71%) of CODD lesions, respectively. All CODD lesions (100%) were positive for at least one or more of the DD-associated Treponema phylogroups, with 27/58 (47%) of CODD lesions positive for all three DD-associated Treponema phylogroups. Of the healthy foot tissues sampled (n ϭ 56), 38/56 (68%) were positive for the presence of general treponemes (Treponema genus-specific PCR). However, all healthy foot tissues were negative for the three DD-associated Treponema phylogroups.
D Isolation of spirochetes and subsequent phylogenetic analysis. As part of this study, spirochetes were successfully isolated from a high proportion of CODD lesions (Table 2) . In several cases, multiple isolates were obtained from a single CODD lesion biopsy specimen. In total, 32 spirochetes were successfully isolated from 27/58 CODD lesions (47%). Many of these isolates (n ϭ 24; 75%), were identified as belonging to the "T. phagedenis-like" spirochete group, with 23/24 sharing 100% 16S rRNA gene sequence identity with the "T. phagedenis-like" DD spirochete strain T320A (GenBank accession no. EF061261), previously isolated from a dairy cow DD lesion in the United Kingdom (34). The remaining "T. phagedenis-like" DD spirochete isolate shared a higher sequence identity (100%) with the human T. phagedenis strain CIP62.29 (GenBank accession no. EF645248) which both differ from the dairy cow DD isolate, "T. phagedenis-like" DD spirochete strain T320A, by a single-nucleotide substitution.
Six isolates (19%) belonged to the "T. medium/T. vincentii-like" spirochetes and showed 100% 16S rRNA gene sequence identity with "T. medium-like" DD spirochete strain T19 (GenBank accession no. EF061249) previously isolated from a dairy cow DD lesion in the United Kingdom (34) .
Two isolates (6%) belonged to the T. pedis spirochetes. Spirochete isolate G3ST1 (GenBank accession no. KP063171) showed 100% 16S rRNA gene sequence identity with T. pedis T3552B (GenBank accession no. EF061268) previously isolated from a dairy cow DD lesion in the United Kingdom (34) . The other T. pedis spirochete isolate from this study, G3S4S (GenBank accession no. KP063170), was found to show 100% 16S rRNA gene sequence identity with Treponema sp. strain G179 (GenBank accession no. AF363634), which was similarly isolated from a sheep CODD lesion in the United Kingdom (41). These two T. pedis spirochete groups are separated by just three nucleotide substitutions.
On phylogenetic tree analysis, the 32 CODD treponeme isolates separated into three distinct phylogroups corresponding exactly to the three Treponema phylogroups commonly isolated from BDD lesions (Fig. 1) .
DISCUSSION
With the emergence of CODD in dairy goats in the United Kingdom (21) and foot disease in elk in the United States recently reported as both clinically and etiologically similar (22) , CODD is clearly increasing in importance and geographical spread. It is very clear that CODD leads to severe animal welfare issues for the animal involved and leads to significant financial implications for farmers (54) and hence is a food security issue. Thus, understanding the etiopathogenesis of CODD is key to developing the means of managing and preventing the spread of this debilitating disease. Since the first CODD report in 1997 (18) , it has become apparent that there is an infective component and that the specific treponemes closely associated with DD in dairy cattle (30, 32, 34, 35) and beef cattle (4) are clearly involved in CODD and may be a primary initiating agent (38, 55) . However, the available microbiological data produced thus far have been limited and not sufficient for proving or disproving a causative association. The current study is a comprehensive attempt to consider the link between BDD treponemes and CODD and to address the role of other bacteria frequently detected in infectious lameness issues in sheep.
What is clear from the study is that the BDD treponemes (individually and frequently collectively) are present in all CODD lesions, whereas in contrast, they are totally absent in samples from healthy sheep foot tissue. This is very strong data supportive of a primary infective etiology for CODD by these organisms. Interestingly, our data also show that other bacteria frequently associated with other sheep foot infections may also be commonly detected in CODD lesions, though with a far less striking frequency than BDD treponemes when comparing sheep feet with CODD lesions and healthy sheep feet.
Thus, a key question is whether BDD treponemes are the primary or secondary infection leading to the development of CODD lesions. What is clear is that they are present in all CODD lesions, which adds weight to the hypothesis that they are primary etiological agents. However, they may also be secondary infections to other, possibly noninfective, lesions of sheep feet. It has become apparent that the BDD treponemes must be considered promiscuous and opportunistic infective agents, as it has been clearly demonstrated that they can invade other (noninfective) lesions in cattle feet, such as white line disease and sole ulcers and clinically manifest as new serious infectious diseases which are very difficult to treat (56) . Previously, only a 70% association of treponemes with CODD lesions was found (37) , much lower than the 100% reported in this study (albeit by different methodologies) which is in accordance with the 100% association shown in dairy cattle DD lesions (32) . Additionally, the previous study (37) also detected Treponema DNA in 38% of healthy foot tissue samples. It should be noted that the previous study (37) used a general treponeme PCR assay, which is not specific for the DD-associated Treponema phylogroups but targets all Treponema species. Therefore, this previous study gave no indication as to whether the Treponema species detected were pathogenic DD-associated Treponema species found commonly in dairy cattle BDD lesions or simply commensal treponemes found in the environment or a ruminant's GI tract (39) . As seen in our present study, using the general treponeme PCR assay, treponemes were detected in 68% of healthy foot tissue samples; however, all of these healthy tissue samples were negative for the three DD-associated Treponema phylogroups tested for. In cattle BDD samples, it was found that "T. medium/T. vincentii-like," "T. phagedenis-like," and T. pedis spirochetes were present in 96.1%, 98%, and 76.5% of DD lesions, respectively (32) . These results are similar to the findings of this CODD study in terms of the detection of the three Treponema phylogroups, with 67%, 85%, and 71% of CODD lesions positive for "T. medium/T. vincentii-like," "T. phagedenis-like," and T. pedis spirochetes, respectively. In both cattle and sheep DD lesions, "T. phagedenis-like" spirochetes seem to be the most commonly detected spirochetes. However, "T. medium/T. vincentii-like" spirochetes appear to be less prevalent in CODD lesions than in BDD lesions. Importantly, one or more of the BDD treponemes are found in all cattle (32) and sheep DD lesions using the groupspecific nested PCR assays.
Treponemes are anaerobic, highly fastidious bacteria and notoriously difficult to grow in culture (57) . Despite this, treponemes were isolated from a significant number of CODD lesions in this study, giving evidence to the aforementioned molecular data and further highlighting their abundance in these lesions. In agreement with previous BDD studies, the "T. phagedenis-like" spirochetes were the most commonly isolated treponeme group from BDD and CODD lesions (32) . This is also consistent with our PCR detection findings of an increased prevalence of this phylogroup in CODD lesions.
The phylogenetic analysis of Treponema isolates from CODD lesions here highlights the close clustering of these isolates with the previously isolated BDD and elk lesion treponemes. This strong phylogenetic relationship further strengthens the case for CODD and BDD having a shared treponemal etiopathogenesis. Interestingly, epidemiological data demonstrate an association between the presence of CODD in sheep with cattle on farms (55) , and the study areas that allowed for identification of a CODD-like manifestation in U.S. elk were cograzed by cattle and sheep (22) . Taken together, these observations suggest this disease is managing to transmit between host species effectively on shared farmland.
The phylogeny data clearly show that treponemes isolated from BDD, CODD, and also from the manifestation of DD in elk, fall into one of three well-defined groups and are completely different from those identified in GI tract samples (39) . Unsurprisingly, one of the CODD isolates (G3S4S) belonging to the T. pedis spirochete group showed 100% 16S rRNA gene sequence identity to the previous T. pedis spirochete isolated from a CODD lesion (41) . More interestingly, T. pedis spirochete isolate G3ST1 shared 100% 16S rRNA gene sequence identity with T. pedis T3552B (GenBank accession no. NR044064), which was isolated from a dairy cow DD lesion (34) , suggesting that these treponemes cannot be distinguished upon between host species. These results provide further evidence toward a shared etiopathogenesis and for treponeme transmission between different host species. Further studies are needed to delineate whether there are specific changes to the three DD treponeme phylogroups associated with adaptation to different hosts and to underpin specific transmission cycles.
The CODD lesions were often associated with F. necrophorum, which was present in 71% of CODD lesions, versus a 9% prevalence in healthy foot tissue samples. This is consistent with previous data (37) where F. necrophorum was detected in a very low number of healthy sheep foot samples compared with CODD lesions. In that study, F. necrophorum subsp. necrophorum was present in 86% of CODD lesions compared with 46% of healthy feet, and F. necrophorum subsp. funduliforme was present in 28% of CODD lesions compared with 0% in healthy foot samples (37) .
In the current study, D. nodosus, interestingly, was present in a similar number (59%) of CODD lesions as F. necrophorum. However, D. nodosus had a much higher detection rate in healthy tissues (39%) than F. necrophorum (9%). D. nodosus has previously been detected in CODD lesions with a prevalence of 74% compared to 31% in healthy foot tissues (37) . These findings support our data and suggest that D. nodosus does not have a primary infective role in CODD lesions but may have a secondary role.
It is generally thought that D. nodosus plays a primary role and that F. necrophorum plays a secondary role in lesion development (61, 62) and are thought to progress disease severity through relationships with other pathogens (63, 64) . This study included a large number of farms in order to investigate CODD lesions from a large geographical area. However, due to the obvious ethical limitations in obtaining healthy foot tissue samples, a study design including healthy animal foot tissue from animals on the same farms from which CODD foot samples were obtained was not possible in all cases. This could introduce a weakness in the sampling strategy used, as it could be the case that sheep sampled for CODD lesions, and therefore from a farm with CODD present, could have bacteria present on their feet due to environmental contamination. However, the inclusion of healthy foot tissue from a small number of animals which also had a CODD lesion on another one of their feet (therefore healthy tissue obtained from a CODD-positive farm) limits this bias in sampling strategy.
Interestingly, the CODD lesions obtained from the sheep that also had their remaining healthy foot tissues sampled, were all positive for at least one of the DD-associated Treponema phylogroups; however, all the remaining healthy feet from each animal appeared negative for DD-associated treponemes. When looking at the presence of D. nodosus and F. necrophorum in these animals, no consistent finding was observed. For example, D. nodosus and F. necrophorum were found to be present in the CODD lesion obtained from sheep 101; however, its healthy feet were all negative for D. nodosus and all positive for F. necrophorum, whereas the CODD lesion from sheep 102 appeared negative for both D. nodosus and F. necrophorum, but 1/3 and 2/3 of its remaining healthy feet were positive for D. nodosus and F. necrophorum, respectively. This provides more evidence toward these two bacterial species playing a lesser role in CODD lesions than treponemal bacteria, which are present only in the lesions and not healthy foot tissue.
The fastidious nature of treponemes means it is extremely hard to successfully isolate them from tissue samples. However, DDassociated treponemes were isolated from a large number of CODD lesions and included all three DD-associated Treponema phylogroups. This, together with PCR data showing that all CODD lesions contained at least one or more DD-associated treponemes, supports the hypothesis that treponeme species, specifically the ones associated with BDD, are likely to be important etiological agents in CODD lesions. Our data also indicate that F. necrophorum may contribute to lesion pathogenesis in many CODD lesions.
From this study, it would appear that DD treponemes are likely to be the primary infective agent in CODD lesions, although the promiscuous nature of the DD treponemes and their wide range of tissue tropisms must be considered when making such conclusions. Additionally, the data presented here further confirm that the three DD treponeme-specific PCR assays can be used as a differential diagnostic tool for CODD and other DD manifestations from different geographical regions and hosts. Further molecular studies on Treponema isolates obtained from DD lesions of different animal species are necessary to compare their genetic relatedness and therefore help determine routes of transmission of this disease.
